1. Introduction {#sec1}
===============

Dietary fiber has been included in experimental diets for monogastric animals for many years, which has been shown to promote gut health and microflora in monogastric animals ([@bib5]). There are 3 main groups of fiber: cellulose, non-cellulosic polymers, and pectic polysaccharides ([@bib4]). In contrast to pectin, crystalline cellulose is a non-fermentable fiber commonly used as an inert ingredient or bulking agent in monogastric diets ([@bib15], [@bib10]). [@bib22] verified that cellulose contributed no nutritive value to birds. However, some studies observed that supplementation of 3% cellulose, sugar beet pulp, and oat hulls to poultry diets resulted in better litter quality and a lower moisture content of the excreta ([@bib11]).

The physicochemical characteristics of fiber (i.e., chemical composition, solubility, and particle size) have been shown to influence intestinal physiology and function ([@bib8]). [@bib12] observed that particle size of the fiber source did not affect performance, but a reduction in particle size of the oat hull and sugar beet pulp improved total tract apparent retention of DM, nitrogen, and soluble ash as well as the AMEn of the diet. Supplementation with micronized insoluble fiber particles, which had an average length and width of 250 and 25 μm, respectively, led to an increase in growth performance, ileal villus height to crypt depth ratio, and the number of goblet cells in broilers throughout the experimental period ([@bib18]). Nanocrystalline cellulose (NCC), a by-product of the paper industry that is smaller in size than micronized insoluble particles, was obtained from the Center for Nanoscience and Technology (Beijing, China). The geometric diameter and length of the NCC particle were 3 to 5 nm and 100 to 300 nm, respectively. This product is 99.0% cellulose on dry matter basis. To the best of our knowledge, there is no available information on the nutritional effects of NCC supplementation for monogastric animals.

There is a growing interest in evaluating the effects of fiber inclusion of the diets on lipid metabolism. Several studies reported that dietary cellulose depresses lipid accumulation in the liver of growing chicks fed *ad libitum* or reduces abdominal fat content and liver weight with effects being more pronounced with 3% cellulose than with 3% inulin ([@bib12], [@bib16]). Also, the weight and lipid content of the liver increased in force-fed chicks, but the values of all these parameters were reduced by the addition of 4% cellulose to the diet ([@bib2]). Although the effects of dietary fiber on lipid metabolism of broilers have been investigated, little is known about the effects of dietary fiber on lipid metabolism of meat ducks. Therefore, this study determined the effects of dietary NCC supplementation on growth performance, carcass traits, intestinal development, and lipid metabolism in meat ducks from 1 to 35 d of age.

2. Materials and methods {#sec2}
========================

This study was approved by the Institutional Animal Care and Use Committee of Sichuan Agricultural University.

2.1. Experimental design, birds and diets {#sec2.1}
-----------------------------------------

Six hundred 1-d-old male Cherry Valley ducks were randomly assigned to 5 dietary treatment groups. There were 8 cages with 15 ducks per cage for each group. The 5 diets contained 0, 200, 500, 800, and 1,500 mg NCC per kg diet, respectively. The feeding program consisted of 2 diets: starter diets supplied from d 1 to 14, followed by a grower diet from d 15 to 35. The basal starter (d 1 to 14) and grower (d 15 to 35) experimental diets were formulated to meet or exceed the nutrient requirements for meat ducks in [@bib17] ([Table 1](#tbl1){ref-type="table"}). The different levels of NCC in the experimental diets were produced by mixing a control diet (treatment 1) and 1,500 mg/kg of NCC to the diet (treatment 5) at a ratio of 13:2 (treatment 2), 2:1 (treatment 3), or 7:8 (treatment 4) to produce diets containing 200, 500, or 800 mg/kg of NCC, respectively. Feed was steam-pelleted and the diameters of the pellets in the starter and growers diet were 2 and 3 mm, respectively.Table 1Ingredients and chemical composition of the basal diets (dry matter basis).ItemStarter (1--14 d)Grower (15--35 d)Ingredient, %Corn62.472.6Soybean meal33.523.29L-Lysine-HCL00.131DL-Methionine0.1850.165Limestone1.0721.071Dicalcium phosphate1.6961.615Bentonite0.1070.088Sodium chloride0.350.35Choline chloride0.150.15Premix[1](#tbl1fn1){ref-type="table-fn"}0.540.54Total100.00100.00Calculated value, %ME, kcal/kg2,8502,900CP19.516.0Calcium0.900.85Available phosphorus0.420.40Digestible lysine0.940.81Digestible methionine0.450.39Digestible methionine + cysteine0.780.64Digestible threonine0.670.54Digestible tryptophan0.090.15Crude fiber[2](#tbl1fn2){ref-type="table-fn"}2.972.54[^1][^2]

2.2. Bird housing and management {#sec2.2}
--------------------------------

All ducks were reared in cages (2.2 m × 1.2 m × 0.9 m) in a temperature and humidity controlled room with a 24 h constant light schedule and free access to water and feed throughout the experimental period.

2.3. Sampling and measurement {#sec2.3}
-----------------------------

At d 14 and 35, after feed withdrawal for 12 h, the ducks and feed in each cage were weighed. Body weight gain (BWG), cumulative feed intake (FI), and feed-to-gain ratio (FCR) were calculated. Then, one duck with a weight closest to the cage average was selected and bled through the jugular vein. The blood samples were immediately placed on ice, transported to the laboratory within 3 h of collection, and centrifuged at 2,000 × *g* for 15 min in a refrigerated centrifuge at about 4°C. Serum was collected and stored at −20°C until certain biochemical parameters were assayed. Serum triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL), and low-density lipoprotein (LDL) concentrations, as well as alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities, which were important indices to evaluate lipid metabolism and liver function, were analyzed using a commercial biochemistry analyzer (Yellow Springs Instrument Co., Inc., Yellow Springs, OH, USA).

After blood collection, the birds were euthanized by cervical dislocation. Samples of liver tissues were removed and weighed, and the left lobes of the livers were stored in 10% neutral formalin solution. Then, the tissues were trimmed, fixed, and embedded in paraffin. Thin (5 μm) sections of the tissues were prepared and mounted on slides, stained with hematoxylin and eosin for lipid deposition, and examined by a histologist. Morphological images of the liver sections were captured to determine the degree of lipid accumulation. The right lobe of the livers were collected into sample bags and immediately frozen at −20°C, freeze-dried, and ground through a 0.5 mm screen for later analysis of total hepatic lipid concentrations, as determined by ether extraction of moisture-free samples ([@bib6]).

Moreover, at 35 d of age, another duck from each replicate was randomly selected for evaluation of carcass traits and intestinal development. Feed was withdrawn 4 h before processing, and then the birds were weighed, slaughtered, defeathered, and weighed to obtain carcass weights (with feet and head attached), breast meat (including the pectoralis major and pectoralis minor muscles), leg (with bone), and abdominal fat weight. Carcass yield was determined as the percentage of carcass weight in relation to total body weight, whereas the yield of the eviscerated carcass with giblet (including the heart, liver, proventriculus, gizzard, and abdominal fat), eviscerated carcass, breast meat, leg (with bone), and abdominal fat were expressed as percentages of the carcass weight. The weight and length of each segment of the intestinal tract, including the duodenum, jejunum (defined as the region from the pancreas tail to Meckel\'s diverticulum), ileum, cecum, and rectum were measured. The ratio of weight to length of each intestinal tract segment was calculated to determine the intestinal density ([@bib1]).

2.4. Statistical analysis {#sec2.4}
-------------------------

The effects of dietary NCC supplementation on growth performance, carcass traits, intestinal development, and lipid metabolism in ducks among treatments were analyzed as one-way ANOVA using the GLM procedure in [@bib19] software (SAS Institute Inc., Cary, NC). Treatments effects (i.e., different concentrations of NCC) were partitioned into linear and quadratic components by the CONTRAST statement of the GLM procedure (SAS Institute Inc., Cary, NC). Data are expressed as means and standard error of the mean (SEM). *P* ≤ 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Growth performance {#sec3.1}
-----------------------

The results for growth performance are presented in [Table 2](#tbl2){ref-type="table"}. The BWG (*P* \< 0.01), FI (*P* \< 0.01) during 1--14 d and BW (*P* \< 0.01) at d 35 increased in a linear manner with the increase of NCC supplementation. No significant differences were found in FCR among treatment groups (*P* \> 0.05).Table 2The effect of nanocrystalline cellulose (NCC) supplementation on the growth performance of ducks.ItemBW[1](#tbl2fn1){ref-type="table-fn"}, gBWG, gFI, gFCR1 d14 d35 d1​--14 d15--35 d1--14 d15--35 d1--14 d15--35 dNCC supplementation, mg/kg055.8597^d^2,051541^d^1,454831^c^3,1321.542.1620055.8617^bc^2,080561^bc^1,463846^bc^3,2781.512.2850055.8607^cd^2,075551^cd^1,468844^bc^3,0741.532.1280055.8627^ab^2,103571^ab^1,477877^a^3,1591.542.171,50055.8638^a^2,167582^a^1,529873^ab^3,2461.502.13SEM0.066.6429.06.6428.110.552.50.010.04*P*-valueAVONA0.9120.0010.0760.0010.2920.0170.0570.0570.084Linear0.5970.0000.0060.0000.0530.0030.3740.0970.200Quadratic0.9760.7060.6740.7060.2940.2520.2200.1980.964[^3][^4][^5]

3.2. Carcass traits {#sec3.2}
-------------------

The weight of the eviscerated carcass with giblet (*P* \< 0.05), eviscerated carcass (*P* \< 0.05), breast meat (*P* \< 0.05), and leg (with bone) (*P* \< 0.05) linearly increased with increasing NCC supplementation. In contrast, the weight and yield of abdominal fat linearly decreased (*P* \< 0.01) with the increasing of dietary NCC ([Table 3](#tbl3){ref-type="table"}).Table 3The effect of nanocrystalline cellulose (NCC) supplementation on the carcass traits of ducks at 35 d of age.[1](#tbl3fn1){ref-type="table-fn"}ItemCarcassEviscerated carcass with gibletEviscerated carcassBreast meatLeg (with bone)Abdominal fatWeight, g% Of live BWWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassNCC supplementation, mg/kg01,78787.31,649^b^92.41,499^b^84.01055.86332^bc^18.618.2^a^1.01^a^2001,83487.11,707^ab^93.11,552^ab^84.61256.77359^ab^19.615.7^ab^0.87^a^5001,79086.31,657^b^92.61,511^b^84.41096.07318^c^17.818.5^a^1.03^a^8001,79186.61,660^b^92.71,514^b^84.51246.90359^ab^20.116.4^ab^0.91^a^1,5001,89287.51,780^a^94.11,627^a^86.01357.10373^a^19.812.0^b^0.63^b^SEM33.50.6333.60.8731.30.888.460.4010.810.551.540.08*P*-valueAVONA0.1460.6280.0490.6520.0420.5620.1100.1490.0060.0320.0360.009Linear0.0610.8050.0200.2020.0140.1210.0350.0560.0140.1250.0090.003Quadratic0.1930.1440.1460.5830.1560.6360.8640.8070.3460.8880.2190.124[^6][^7]

3.3. Intestinal development {#sec3.3}
---------------------------

The indices of intestinal development in ducks are shown in [Table 4](#tbl4){ref-type="table"}, [Table 5](#tbl5){ref-type="table"}, [Table 6](#tbl6){ref-type="table"}. The weight (*P* \< 0.05) and density (*P* \< 0.01) of the ceca, the weight (*P* \< 0.05) and percentage (*P* \< 0.05) of the rectum linearly increased with increasing NCC supplementation in diet.Table 4The effect of nanocrystalline cellulose (NCC) supplementation on the intestinal weight of ducks at 35 d of age.[1](#tbl4fn1){ref-type="table-fn"}ItemDuodenumJejunumIleumCecumRectumWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassWeight, g% Of carcassNCC supplementation, mg/kg05.760.3214.60.8115.00.842.69^b^0.152.83^b^0.16^ab^2006.280.3415.10.8217.30.942.89^ab^0.162.83^b^0.15^b^5006.910.3913.50.7516.00.902.53^b^0.142.74^b^0.15^ab^8006.240.3514.50.8114.90.832.61^b^0.152.90^ab^0.16^ab^1,5006.010.3214.40.7716.20.863.39^a^0.183.46^a^0.19^a^SEM0.570.030.790.040.680.030.190.010.210.01*P*-valueAVONA0.6870.5740.7130.6840.1100.1460.0200.1250.1360.233Linear1.0000.7380.8020.4100.9910.4330.0180.0660.0230.038Quadratic0.2610.1700.5400.8180.7770.7840.0280.0740.1980.297[^8][^9]Table 5The effect of nanocrystalline cellulose (NCC) supplementation on the intestinal length of ducks at 35 d of age.[1](#tbl5fn1){ref-type="table-fn"}ItemDuodenumJejunumIleumCecumRectumLength, cm% Of carcassLength, cm% Of carcassLength, cm% Of carcassLength, cm% Of carcassLength, cm% Of carcassNCC supplementation, mg/kg029.61.6671.94.0271.23.9915.60.8810.20.5720029.41.6174.94.0875.24.0915.80.8610.90.6050032.31.8167.73.7869.23.8715.70.889.750.5580032.01.7974.34.1671.64.0015.50.8710.70.601,50031.01.6574.13.9474.73.9716.10.8611.70.62SEM1.150.072.200.122.320.120.580.040.590.03*P*-valueAVONA0.2920.1950.1460.2410.3430.7550.9460.9960.1940.532Linear0.2680.8090.5040.7250.5030.7220.5960.7740.0860.250Quadratic0.1060.0470.4850.9500.3250.7230.6610.8800.3260.610[^10]Table 6The effect of nanocrystalline cellulose (NCC) supplementation on the intestinal density[1](#tbl6fn1){ref-type="table-fn"} of ducks at 35 d of age.[2](#tbl6fn2){ref-type="table-fn"}ItemDuodenumJejunumIleumCecumRectumNCC supplementation, mg/kg00.200.200.210.17^b^0.272000.210.200.230.18^b^0.265000.210.200.230.16^b^0.288000.190.200.210.17^b^0.271,5000.200.200.220.21^a^0.30SEM0.010.010.010.010.02*P*-valueAVONA0.7930.9680.1980.0100.550Linear0.6090.5120.6590.0050.162Quadratic0.7410.8270.5680.0050.751[^11][^12][^13]

3.4. Lipid metabolism {#sec3.4}
---------------------

Serum parameters of ducks fed diets containing different levels of NCC are presented in [Table 7](#tbl7){ref-type="table"}. Nanocrystalline cellulose supplementation had no effect on the activities of serum ALT and AST, and the content of serum TC, HDL, and LDL of ducks at 14 and 35 d of age. However, serum TG concentrations at d 35 tended to decrease linearly (*P* = 0.052) with increasing NCC supplementation.Table 7The effect of nanocrystalline cellulose (NCC) supplementation on serum parameters of ducks at 14 and 35 d of age.[1](#tbl7fn1){ref-type="table-fn"}Item14 d35 dALT, U/LAST, U/LTG, mmol/LTC, mmol/LHDL, mmol/LLDL, mmol/LALT, U/LAST, U/LTG, mmol/LTC, mmol/LHDL, mmol/LLDL, mmol/LNCC supplementation, mg/kg063.851.80.546.293.642.4141.595.80.92^a^4.872.671.7820052.550.80.657.624.203.1233.057.50.65^b^4.472.591.5950041.844.30.557.304.013.0532.853.00.84^a^4.362.411.5780060.858.80.707.194.162.7238.373.80.79^ab^5.042.741.951,50043.864.30.646.673.602.7744.373.00.64^b^4.142.261.59SEM6.628.410.050.510.300.264.4721.60.060.360.180.20*P*-valueAVONA0.1170.5200.1300.4030.4890.3580.3150.6630.0330.4070.3600.608Linear0.1470.1830.1800.8470.5940.9030.2640.8370.0520.3440.1860.844Quadratic0.7550.5730.3210.1650.1500.3180.1570.3680.7080.5620.5540.650[^14][^15][^16]

The weight (*P* \< 0.05) and percentage (*P* \< 0.01) of the liver, and the percentage of total lipid content in the liver (*P* \< 0.01) of ducks at 14 d linearly decreased with increasing NCC inclusion, but no differences were observed between dietary groups at the age of 35 d ([Table 8](#tbl8){ref-type="table"}). The lipid accumulation in livers at 14 or 35 d was directly observed from [Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, respectively. At 14 d of age, the diffused fatty degeneration of livers in ducks fed diets containing 0, 200, and 800 mg/kg NCC was more severe compared with ducks fed 500 and 1,500 mg/kg of NCC diets, which was in line with the hepatic lipid content. The same pattern of lipid droplets deposition in the liver of ducks at 35 days of age was observed among treatment groups.Fig. 1The hepatic morphology of ducks at 14 d of age. NCC = nanocrystalline cellulose. (A), (B), (D): diffuse fatty degeneration was observed in hepatocytes; (C): hepatic steatosis was recognizable in a particle of liver cell; (E): normal histological structure.Fig. 2The hepatic morphology of ducks at 35 d of age. NCC = nanocrystalline cellulose. (A), (B), (C), (D): hepatic steatosis was recognizable in a particle of liver cell; (E): normal histological structure.Table 8The effect of NCC supplementation on liver and hepatic lipid content of ducks.[1](#tbl8fn1){ref-type="table-fn"}Item14 d35 dLiver weight, gLiver, % of BWHepatic lipid content, %Liver weight, gLiver, % of BWHepatic lipid content, %NCC supplementation, mg/kg021.73.67^a^15.5^a^38.71.894.6020020.93.37^ab^12.3^ab^38.81.874.2250018.73.07^bc^9.36^bc^38.71.874.1880019.83.13^bc^13.7 ^ab^38.21.824.291,50018.22.87^c^6.03^c^38.91.804.45SEM0.990.171.991.090.060.36*P*-valueAVONA0.0960.0180.0210.9900.7310.911Linear0.0180.0020.0070.9860.1850.996Quadratic0.4140.2290.7780.6830.8670.435[^17][^18]

4. Discussion {#sec4}
=============

In our study, supplementation of 1,500 mg/kg NCC in diet improved performance, carcass traits and the development of the ceca in ducks. These results agreed with previous studies, which found diets containing 3% fiber (oat hulls and soy hulls) improved BW, feed conversion, and the total retention of nutrients in the gastrointestinal tract of broilers suggesting that young broilers required a minimal amount of dietary fiber to maximize growth performance ([@bib4], [@bib13]). One reason may be that the particle size of NCC as a nano particle had an important effect on its function. A reduction in particle size of dietary fiber could improve the digestibility of nutrients by increasing the available surface area of the particles to digestive enzymes ([@bib3]). One study indicated that supplementation of 0.5% micronized insoluble fiber altered the morphology of the small intestinal by increasing ileal villus height and decreasing ileal crypt depth ([@bib18]). The other reason may be that NCC as insoluble dietary fiber can incorporate water into the matrix and then swell to a variable extent during passage through the gastrointestinal tract, resulting in a bulkier digesta and a larger gastrointestinal tract. An increased content of digesta might stimulate HCl production ([@bib7]). Furthermore, a low gizzard pH could improve pepsin activity and nitrogen retention.

Meanwhile, in the present study, we observed that supplementation of NCC could reduce lipid deposition of meat duck. This result was in agreement with previous studies, which reported that the addition of 3% inulin and 3% cellulose to the diet reduced abdominal fat deposition and hepatic lipid accumulation in broiler breeder hens ([@bib16]). [@bib20] also found that the inclusion of 1% inulin in diets decreased lipid concentration in the liver of broilers, and linearly reduced serum TG without affecting serum cholesterol, HDL-C, or LDL-C concentrations. Laying hens fed a diet supplemented with 10% cellulose exhibited significantly decreased serum lipids and liver lipids, which were accompanied by a significant increase in excreta lipid ([@bib6]). Dietary fiber reducing lipid deposition may be due to increased bile acid secretion, facilitating the emulsification of the dietary lipids in chicks ([@bib9], [@bib14]). Cellulose has little or no bile acid-binding capacity ([@bib21]), suggesting that the recycling of bile acids and the absorption of fat would be more complete in birds fed cellulose than in birds fed more soluble fiber source.

In conclusion, supplementation of 1,500 mg/kg NCC in duck diets had a positive effect on growth performance, carcass yield, cecum development, and lipid metabolism such as reducing abdominal fat, hepatic lipid deposition, and serum TG concentrations.
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[^1]: Premix provided per kilogram of diet: vitamin A, 8,000 IU; cholecalciferol, 2,000 IU; vitamin E, 5 IU; vitamin K~3~, 1 mg; thiamine, 0.4 mg; riboflavin, 3.2 mg; pyridoxine, 1.2 mg; vitamin B~12~, 6 μg; folic acid, 100 μg; niacin, 7 mg; calcium pantothenate, 5 mg; Fe (FeSO~4~·H~2~O) 80 mg; Cu (CuSO~4~·5H~2~O) 8 mg; Mn (MnSO~4~·H~2~O) 70 mg; Zn (ZnSO~4~·H~2~O) 90 mg; I (KI) 0.4 mg, Se (Na~2~SeO~3~) 0.3 mg.

[^2]: The crude fiber (CF) in starter diet (1--14 d): 2.99% for treatment 2 (200 mg/kg nanocrystalline cellulose \[NCC\]), 3.02% for treatment 3 (500 mg/kg NCC), 3.05% for treatment 4 (800 mg/kg NCC), 3.12% for treatment 5 (1,500 mg/kg NCC); the CF in grower diet (15--35 d): 2.55% for treatment 2, 2.58% for treatment 3, 2.61% for treatment 4, 2.68% for treatment 5.

[^3]: BWG = body weight gain, FI = cumulated feed intake, FCR = feed-to-gain ratio.

[^4]: ^a--d^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^5]: Data are means of 8 cages with 15 or 14 ducks per cage at 1, 14 or 35 d of age.

[^6]: ^a--c^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^7]: Means represent 8 ducks per treatment of 1 duck per replicate.

[^8]: ^a,b^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^9]: Means represent 8 ducks per treatment of 1 duck per replicate.

[^10]: Means represent 8 ducks per treatment of 1 duck per replicate.

[^11]: ^a,b^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^12]: Intestinal density (g/cm) = intestinal weight (g)/intestinal length (cm).

[^13]: Means represent 8 ducks per treatment of 1 duck per replicate.

[^14]: ALT = alanine aminotransferase, AST = aspartate aminotransferase, TG = triglycerides, TC = total cholesterol, HDL = high-density lipoprotein, LDL = low-density lipoprotein.

[^15]: ^a,b^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^16]: Means represent 8 ducks per treatment of 1 duck per replicate.

[^17]: ^a--c^ Within a column, means without common superscripts are significantly different (*P* \< 0.05).

[^18]: Means represent 8 ducks per treatment of 1 duck per replicate.
